Introduction
Type 1 diabetes (T1D) is an autoimmune disease caused by infiltration of lymphoid cells into the pancreatic islets of Langerhans (termed insulitis), followed by the specific destruction of insulin-producing β cells [1] . The role of the immune system in the development of T1D, from the initiation of disease to eventual β cell destruction, has been studied extensively [2, 3] . It has been suggested that B cells play a necessary role in diabetes pathogenesis in models of T1D [4] [5] [6] by secreting an antibody that is required for diabetes initiation [7] and by presenting self-antigens, including insulin, to autoreactive T cells [8] [9] [10] . B cell development proceeds in the spleen of non-obese diabetic (NOD) mice to give rise to two mature subsets: follicular B cells (FoBs) and marginal-zone B cells (MZBs) [11, 12] . MZBs are located within the marginal sinus of the spleen [12, 13] and exhibit an activated effector phenotype, as indicated by their ability to generate rapid antibody responses to antigens and blood-borne pathogens [14] [15] [16] [17] . In addition, there is emerging evidence from the NOD model that MZBs may be an important B cell subset in diabetes pathogenesis [4] by acting as efficient antigen presenting cells (APCs) to provide antigens to naive CD4+ T cells [18] , which play a crucial role in connecting the innate and adaptive immune responses [12, 19] . In addition, the number of MZBs is significantly increased in NOD mice compared with nonautoimmune-prone strains [20, 21] .
Multiple complications are usually associated with diabetes mellitus [22] . Patients with type 1 diabetes are subject to lipid disorders, mostly qualitative abnormalities of lipoproteins, which may promote atherogenesis [23, 24] . Several studies have demonstrated that patients with T1D have significantly higher levels of total cholesterol, triglycerides, lowdensity lipoprotein (LDL) cholesterol and non-high-density lipoprotein (HDL) cholesterol [25, 26] . Oxidative stress has been implicated in the development of diabetic complications [27] and the pathogenesis of insulin-dependent diabetes mellitus [28] [29] [30] . Increased levels of lipid peroxidation products and altered antioxidative enzyme activities have also been reported in non-insulin-dependent diabetes mellitus [31] .
Type 1interferons (IFN-α/β) are key immunoregulatory cytokines that provide a priming mechanism for several subsequent processes in the innate and adaptive immune responses [32] . These cytokines are also involved in the pathogenesis of several systemic and organ-specific autoimmune diseases [32] . IFN-α is likely involved in the development of T1D, as evidenced by the overexpression of IFN-α in β cell-induced T1D in non-autoimmune-prone C57BL/6 mice [33] . In addition, IFN regulatory factor 1-deficient NOD mice fail to develop insulitis and diabetes [34] .
However, the specific role of IFN-α in the disruption of B cell proliferation and function during T1D remains unresolved. We recently demonstrated that diabetic mice exhibit increased apoptosis, DNA fragmentation, chromatin condensation and cell shrinkage, prolonged elevation of IFN-α and TNF-α levels, and a clear reduction in T lymphocytes homing to the spleen [35] . We have also quantified the relationship between type 1IFN signaling and the survival/death and function of peripheral blood mononuclear cells (PBMCs) during T1D [36] . To better understand the role of IFN-α in the etiology of type 1 diabetes, in the present study we examined the number, distribution and function of peripheral B cells and the MZB compartment in streptozotocin (STZ) mice. We provide novel evidence that IFN-α plays a crucial role in MZB expansion and retention in the spleen and the apoptosis of B cells in the blood.
Animals and experimental design
Laboratory Swiss Webster mice weighing 25-30 g were obtained from the Central Animal House of the Faculty of Medicine, Assiut University. All animal procedures were performed in accordance with the guidelines for the care and use of experimental animals established by the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) and the protocol of the National Institute of Health (NIH). The animals were allowed to acclimate for 2 weeks before the experiment and were housed in metal cages in a well-ventilated room. The animals were maintained under standard laboratory conditions (25°C, 60-70% relative humidity and a 12-hour light/dark cycle) and were fed a standard commercial pellet diet and water.
Forty Swiss Webster mice were assigned to three experimental groups: group 1, the non-diabetic control group (n=10), was injected with vehicle alone (0.01 M citrate buffer, pH 4.5); group 2, the diabetic group (n=15), was rendered diabetic by intraperitoneal injection of a single dose of STZ (60 mg per kilogram of body weight) in 0.01 M citrate buffer (pH 4.5); group 3 (n=15) was rendered diabetic using the same procedure as in group 2 but was also injected intraperitoneally, one month after diabetes induction, with an anti-IFN (alpha, beta and omega) receptor 1 (IFNAR1) antibody at a dose of 10 mg per kilogram of body weight daily for up to 20 days [36, 37] .
Blood samples
At the end of the experiment (after treatment with anti-IFNAR1 for 20 days), the mice were anesthetized with pentobarbital (60 mg per kilogram of body weight), the abdominal cavity was opened, and whole blood was drawn from the abdominal aorta. Plasma was obtained by low-speed centrifugation (1000 ×g for 20 minutes) and immediately stored at -80°C until insulin measurement and lipid profile analysis. PBMCs were isolated from heparinized blood using the Ficoll gradient method.
Insulin level measurement
Plasma insulin levels were determined by enzyme-linked immunosorbent assay (ELISA) using commercially available kits (R&D Systems, USA) according to the manufacturer's instructions. The insulin concentration was then calculated using a standard insulin curve included on the same plate as the samples.
Histology and immunohistochemistry
Spleen and pancreatic tissues were fixed overnight in a solution of freshly prepared 4% paraformaldehyde in 0.1 M PBS, pH 7.4, at 4 ∘ C. Samples were dehydrated and prepared as paraffin blocks, and the pancreatic sections were stained with hematoyxlin and eosin (H&E) and examined by light microscopy. To detect insulin and CD20 in pancreatic and spleen sections, respectively, monoclonal anti-insulin (1:100; DAKO) and anti-CD20 (1:100; Abcam) antibodies were used, respectively. The appropriate primary antibody was added in blocking buffer and incubated overnight at 4 ∘ C. Sections were washed and incubated with biotinylated secondary antibody at 1:2000 for 2 hours at room temperature, followed by washing and incubation with avidin-biotin complex (Vectastain Elite ABC kit; Vector Laboratories, Burlingame, CA, USA) at 1:100 for 1 hour at room temperature. Sections were counterstained with Mayer hematoxylin for 2 to 5 minutes and mounted [38] .
Lipid profile analysis
Lipid profiles were determined using BioMerieux kits and a standard assay method. Cholesterol levels were evaluated using the cholesterol esterase method. Triglycerides were measured using the lipase method. HDL, LDL and chylomicrons were precipitated with phosphotungstic acid. The amount of cholesterol bound to HDL was determined using the cholesterol oxidase method and the phosphotungstate-magnesium salt method using a Cholesterol E-Test Kit (all the kits used were purchased from BioMerieux,Wako, Osaka, Japan) according to the manufacturer's instructions. Badr 
Apoptosis assays
The percentage of B lymphocytes undergoing apoptosis was determined by flow cytometry. Dead cells were identified using the Trypan blue exclusion test. PBMCs were firstly stained with rat anti-mouse anti-CD45R/ B220-PerCP (BD Bioscience) for 30 minutes at 4°C. To distinguish between viable, early apoptotic and late apoptotic cells, the cells were then washed and incubated in PBS containing 30% human AB serum (4°C for 30 minutes) prior to staining with Annexin V-FITC and propidium iodide (PI) (15 minutes at 25°C) using a commercial kit according to the manufacturer's instructions (Abcam, Canada). The cells were analyzed by flow cytometry using a FACSCalibur flow cytometer (BD-Pharmingen) within 1 hour of staining, and the percentage of cells undergoing apoptosis was determined. The activity levels of caspase-3, -8 and -9 were evaluated using a fluorometric protease assay kit (MBL, Aichi, Japan) according to the manufacturer's instructions.
Statistical Analysis
The data were tested for normality using the Anderson-Darling test and for homogeneity variances prior to further statistical analysis. The data were normally distributed and are expressed as the mean ± standard error of the mean (SEM). Significant differences among groups were analyzed by one-or two-way ANOVA followed by Bonferroni's test for multiple comparisons using PRISM statistical software (GraphPad Software). The data were also reanalyzed using a one-or two-way ANOVA followed by Tukey's posttest using SPSS software, version 17. Differences were considered statistically significant at P < 0.05.
Results

Treatment of STZ-induced diabetic mice with an anti IFN-α antibody decreases the pathogenicity of T1D
We recently investigated the effect of STZ-induced immunosuppression in an animal model [36] . First, pancreatic sections from both STZ-treated and naive mice were stained with H&E and examined by light microscopy. A marked reduction in pancreatic islets was observed in STZ-treated animals compared with naive mice (Fig. 1 A) . We then analyzed the architectures of insulin-producing β cells within the pancreatic islets of STZ-treated and naive mice by immunohistology. As shown in Fig. 1 B, obvious destruction of insulinproducing β cells was observed in the STZ-treated mice compared with naive mice. To optimize the parameters and conditions used in the animal model experiments, the insulin levels in the 3 groups of mice were monitored for 2 months, which revealed that insulin levels in the diabetic group were significantly lower than those in the anti-IFNAR1-treated diabetic group and the control group (Fig. 1 C) . The glucose levels were inversely correlated with the insulin levels where diabetic animals exhibited elevated glucose levels (394±27 mg/dl) than the anti-IFNAR1-treated diabetic animals (311±24 mg/dl) and the control non diabetic animals (167±16 mg/dl).
Blockade of type 1IFN signaling restores a normal lipid profile and the number and distribution of B cells in the spleen during T1D in diabetic mice
Atherogenic dyslipidemia clinically presents as elevated serum triglyceride and cholesterol levels, increased levels of low-density lipoprotein (LDL) particles and decreased levels of high-density lipoprotein (HDL). Atherogenic dyslipidemia occurs frequently in patients with diabetes and is referred to as diabetic dyslipidemia. This phenomenon is responsible for inducing immune cell exhaustion. We therefore monitored the lipid profiles of the 3 groups of animals. HDL-C levels were significantly lower in the diabetic mice than in the control non-diabetic group (Fig. 2 A) . By contrast, the levels of LDL-C (Fig. 2 B) and cholesterol (Fig. 2 C) were significantly higher in the plasma of diabetic mice compared with the control group. Levels of MDA, a marker of oxidative lipid damage and a major oxidative product of peroxidized polyunsaturated fatty acids, were significantly increased in the plasma of diabetic mice compared with the control non-diabetic group (Fig. 1 D) . Interestingly, a normal lipid profile was restored in the diabetic mice when type 1IFN signaling was blockaded with an anti-IFNAR1 antibody.
Injection of anit-IFNRA1 during type 1diabetes increase apoptosis of blood B cells
We next evaluated the number of B cells circulating in the blood and their tendency to undergo apoptosis in the three groups of animals. B cells isolated from control, diabetic and anti-IFNAR1-treated diabetic mice were stained with PI/Annexin V and analyzed by flow cytometry to determine the percentages of viable cells (lower left quadrant), early apoptotic cells (lower right quadrant) and late apoptotic cells (upper right quadrant) (Fig. 4 A) . The data from one representative experiment are presented in the dot plot. The percentage 
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of apoptotic B cells (early and late apoptotic) was 9% in the control non-diabetic group and increased markedly to 61% in the diabetic group; the percentage of apoptotic B cells decreased to 38% when the diabetic animals were treated with an anti-IFNAR1 antibody.
The pooled data for 10 individual mice from each group indicated that treatment of the diabetic mice with an anti-IFNAR1 antibody significantly (P < 0.05) rescued B cells from apoptosis (Fig. 4 B) . Because caspase cascades are crucial effectors and mediators of apoptosis induction, the activities of caspase-3, -8 and -9 in blood B cells (Fig. 4 C) were monitored using a fluorometric protease assay. The pooled data for 10 individual mice from each group revealed that the activities of caspase-3, -8 and -9 in blood B cells of diabetic mice were significantly greater than those in the control non-diabetic mice. Moreover, treatment of the diabetic mice with an anti-IFNAR1 antibody significantly diminished the activities of caspase-3, -8 and -9 in blood B cells compared with the diabetic mice that did not receive the antibody.
Discussion
Type 1 diabetes is characterized by a decrease in the number of lymphocytes, which increases susceptibility to infection. Considerable data support a link between IFN-α and T1D in humans and in rodent models, with increased levels of IFN-α in the serum and increased mRNA expression in the pancreases of T1D patients [41] . Moreover, IFN-α may Pooled data from 10 experiments are expressed as the mean percentage of apoptotic B cells ± SEM for B lymphocytes isolated from control mice (black bars), diabetic mice (gray bars) and diabetic mice treated with an anti-IFNAR1 blocking antibody (hatched bars). B lymphocytes were isolated from control, diabetic and diabetic+anti-IFNAR1 mice and lysed, and the caspase-3, -8 and -9 activity levels were evaluated using a fluorometric protease assay. The data for 10 individual mice from each group are expressed as the mean ± SEM.
* P < 0.05 for diabetic versus control; # P < 0.05 for diabetic + anti-IFNAR1 versus diabetic; + P < 0.05 for diabetic + anti-IFNAR1 antibody versus control. Badr 
contribute to the initiation or acceleration of autoimmunity [42] , and IFN-α is expressed in the islets of patients with newly diagnosed type 1diabetes [43] . Furthermore, as with certain other autoimmune diseases, T1D occasionally appears during IFN-α treatment of unrelated diseases such as chronic hepatitis or tumors [44, 45] . Moreover, diabetes is also induced and/or accelerated by injections of the strong IFN-α/β inducer poly I:C in the STZ-induced diabetic mouse model [46] . We previously demonstrated that blocking type 1IFN signaling restored the number of T lymphocytes homing to lymphoid organs in Swiss albino mice [35] .
We have further extended this work by revealing that blocking type 1IFN signaling in an STZ diabetic mouse model restores lymphocyte function [36] . Interestingly, in the present study, the induction of diabetes was associated with decreased levels of insulin and quantitative lipid abnormalities, indicating that insulin deficiency plays a crucial role in lipid abnormalities during T1D. These results are consistent with previous results revealing that insulin plays a central role in the regulation of lipid metabolism [47] . Insulin deficiency, hypertriglyceridemia and reduced HDL commonly occur during T1D and are thought to play a physiological role in lipid/lipoprotein metabolism [48] . Indeed, the results presented here demonstrate that blocking type 1IFN signaling during diabetes partially yet significantly decreased lipid abnormalities in T1D. These findings are consistent with studies suggesting that lipid abnormalities in immunodeficiency diseases are mediated by elevated levels of circulating inflammatory cytokines, particularly interferon-α [49, 50] . Thus, lipid abnormalities during T1D produce several abnormal biological responses that play a key role in the development of defective immune responses during diabetes, leading to different diseases [51] . Hyperglycemia acts as a potential mediator of altered lymphocyte function, which can lead to enhanced oxidative stress, and plays a key role in the development of defective immune responses during diabetes [42, 52] . MDA is also thought to play a physiological role in oxidative stress and may cause damage to cellular components [43, 53] .
In the present study, the contribution of different B cell subsets was determined based on their relative ratios at specific anatomical locations and their activation status. A significant increase in MZBs was observed in STZ diabetic mice. However, blocking type 1IFN signaling restored the number of MZBs. Consistent with our results, expansion of MZBs by 2-to 3-fold in NOD mice compared with nondiabetic C57BL/6 (B6) mice has been reported, reflecting an elevated number of autoreactive B cells in the autoimmune NOD mouse [20] . An imbalance in splenic B cell development resulting in the expansion of the MZ subset has been associated with autoimmune pathogenesis in various murine models [39] . For example, in the NOD inbred mouse strain, splenic MZB cell expansion has been linked to the development of T1D [40] . MZB cells are suggested to be enriched in autoreactive specificities, and an enlargement of the MZB compartment has been implicated in T1D [20, 39] . In this regard, the PLN is recognized as a critical site for the presentation of autoantigen to self-reactive T-cells [54] [55] [56] . The increased accumulation of MZB-like cells at this site has been closely linked to the conversion to overt diabetes in the NOD model [39] .
We observed a significant increase in expression of caspase-3, -8 and -9 and a decrease in the number of CD20+ B lymphocytes in the peripheral blood of STZ diabetic mice, leading us to hypothesize that the retention of activated MZBs in the spleen leads to the elimination of other subsets of B cells. Taken together, our data suggest that IFN-α mediates the retention of B lymphocytes within lymphoid organs during type 1diabetes, resulting in a local increase in lymphocyte numbers in the responding lymphoid organ but systemic immunosuppression as a result of the depletion of recirculating B lymphocytes.
Abbreviations
Anti-interferon (alpha/beta/omega) receptor 1(IFNAR1); High-density lipoprotein (HDL); Low-density lipoprotein (LDL); Peripheral blood mononuclear cells (PBMCs); Type 1diabetes mellitus (T1D); Type 1 interferon (IFN); Streptozotocin (STZ).
